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The superconducting current has been observed in mesa-heterostructures 
Nb/Au/Sr2IrO4/YBa2Cu3Ox with Sr2IrO4 interlayer thickness d=5 and 7 nm and in-plane sizes 
L=10-50 µm. A strontium iridate, Sr2IrO4, is known as a canted antiferromagnetic insulator at 
low temperatures and characterized also by the strong spin-orbit interaction due to the impact of 
the IrO2 plane. The superconducting critical current density jC ≈ 0.3 A/cm2 for the case d=7 nm 
was observed at T=4.2K. The temperature dependences of the superconducting critical current 
IC(T) and the voltage position on the I-V curve of the gap singularity of the  Nb electrode V∆(T) 
show an increase with decreasing temperature and corresponds to the expected BCS behavior of 
the Nb energy gap ∆Nb(T). The critical current is very sensitive to the influence of an external 
magnetic field and reduces twice at an external magnetic field (H≈0.2 Oe for L=40-50 µm) 
comparable with the earth magnetic field; The magnetic field dependence IC(H)  at low  H  was 
narrower than the Fraunhofer pattern about 1.5 times. Both the integer and fractional Shapiro 
steps at voltages Vm,n=(m/n)(h/2e)fe were observed under microwave radiation at frequencies  
fe=38 GHz and fe=50 GHz. Fractional Shapiro steps (m/n=1/2, 3/2) may point on the presence of 
the second harmonic in the superconducting current-phase relation. 
 
 
The spin-triplet superconducting pairing induced at the interface of a superconductor and a 
material with the strong spin-orbit interaction (SOI) gives promising opportunities for 
superconducting spintronics applications [1-3]. It has been shown theoretically, that the SOI in a 
ferromagnet of the superconductor-ferromagnet-superconductor junction can result in a spin-
triplet pairing [4-7]. Rashba proximity states in superconducting tunnel junctions, tuning of a 
magnetization, the proximity-induced triplet superconductivity, and the anomalous Josephson 
effect have been predicted as well [8-17]. Coulomb repulsion and Pauli quenching affect the 
superconducting current in tunnel junction with SOI interlayer but do not destroy the possibility 
to tune it by changing the strength of the spin-orbit interaction [18-21]. So, a lot of very 
interesting and important for superconducting transport features were predicted theoretically for 
superconducting structures with an interlayer having strong spin-orbit interaction.  
An attempt of the experimental observation of the long-range proximity effect induced by SOI 
was reported for structures with high-Z (metallic Pt) inclusion into the ferromagnetic interlayer 
[22]. The unconventional proximity effect was observed in the bridge type Nb junction with a 
magnetically doped topological insulator (Fe-Bi2Te2Se) and splitting of the zero bias conducting 
peak and the microwave affected oscillation have been reported [23]. Superconductor-
semiconductor, InAs, hybrids were studied in [24] in which the two-dimensional electron gas 
(2DEG) appears due to the strong SOI. The appearance of the 4π-Josephson effect which is 
caused by Majorana surface states in time-reversal-invariant Weyl and Dirac semimetals [25, 
26], or in a system with a crossover of the 3D topological insulator to the 2D limit [27] were 
theoretically suggested. An existence of the 4π-periodic contribution in the superconducting 
current phase relation can be responsible for the disappearance of odd steps [11, 13]. Recent 
investigations of the interplay of a superconductivity, SOI, and Zeeman splitting in the two-
dimensional topological insulator HgTe have shown promising results [28] stimulating further 
studies of Josephson effects in the superconducting structure with SOI interlayer comprising 
from a more conventional material. The most experimental investigations of the superconducting 
structure with SOI interlayer were performed in bridge type structure with semiconductor 
(topological insulator) interlayer. The sandwich type structure is preferable due to the possibility 
to realize a few nm long distance between superconductors for the interference of 
superconducting wave function in Josephson junction with a barrier interlayer with SOI.  
A natural choice for the interlayer material with a strong spin-orbit interaction in sandwich type 
junction is the 5d transition metal oxide Sr2IrO4 from the layered Ruddlesden-Popper series 
(Sri+1IriO3i+ 1; i = 1, 2, and ∞), in which, along with the electron-electron interaction, a strong 
SOI is also observed [29-32]. The compound Sr2IrO4 (i =1) is a canted antiferromagnetic 
insulator with the band splitting and Jeff = 1/2 [33]. The intrinsic crystal field splits the 
degenerate states of 5d electrons into eg and t2g bands, and the partially filled t2g band splits into 
Jeff = 3/2 and Jeff = 1/2 due to the strong SOI over the iridium ions [34]. Unconventional 
properties of Sr2IrO4, and the realization of interfaces with other oxides, particularly with a 
superconducting cuprate, are discussed in [35-37]. Moreover, very rich physics of the canted 
antiferromagnetic insulator Sr2IrO4 [38-40] makes it attractive for the realization of a spin 
manipulation in the junction with the SOI barrier. However, there is a lack of knowledge of 
properties, including high-frequency dynamics as the ac Josephson effects, in sandwich type 
junctions with an oxide barrier with strong SOI. 
This paper presents experimental results of superconducting and electron transport 
characteristics of hybrid micrometer size superconducting Nb/Au/Sr2IrO4/YBa2Cu3Ox mesa-
heterostructures with nanometer thickness of the interlayer having strong spin-orbit interaction. 
The thin bilayer of YBa2Cu3Ox (YBCO) and Sr2IrO4 (SIO) were grown epitaxially by pulsed-
laser deposition (PLD) on (110) NdGaO3 (NGO) single-crystalline substrates. A KrF-excimer 
laser with frequency 10Hz and 1.6J/cm2 energy density was used to ablate materials from 
YBa2Cu3Ox and Sr2IrO4 stoichiometric targets. First YBCO thin film was deposited at 830 ° C in 
an oxygen atmosphere of 0.5 mbar. The SIO thin film of required thickness was deposited at 
700° C in an argon atmosphere with pressure 0.5 mbar. The substrate temperature was controlled 
by the radiation pyrometer. The obtained heterostructures were cooled to 500° C and annealed 
for 30 min in 1 bar of an oxygen atmosphere, before the final cooling to room temperature.  
 
 
Fig.1. X-ray diffraction patterns of Bragg reflections for 20 nm thick Sr2IrO4 film (blue), and of heterostructure 
Au/Sr2IrO4/YBa2Cu3Ox (red) grown on NdGaO3. In  heterostructure, thicknesses were  10 nm, 7 nm, 60 nm for  Au 
Sr2IrO4 , and  YBa2Cu3Ox, correspondingly 
  
A protective Au thin film was deposited in situ as well at 30° C in the PLD chamber. The 
proximity effect between Nb and Au ensured the penetration of the superconducting order 
parameter through the Au film up to the Au/SIO interface as in the case of Au/YBCO junction 
[41]. The crystalline parameters of the films were determined using the 4-circle X-ray 
diffractometer, measuring X-ray diffractograms of 2Θ/ω scan and rocking curves. The X-ray 
diffraction patterns of Bragg reflections of a reference SIO film and the heterostructure 
Au/SIO/YBCO film are shown on Fig. 1. The YBCO film was grown on a (110) NGO substrate 
epitaxially with the c-axis perpendicular to the substrate plane, which was confirmed by the 
recorded spectra [37]. The epitaxial SIO film grown on YBCO is also c-oriented. It was found 
from Fig. 1 that the crystallographic lattice parameter c of the observed film (for 17 nm 
thickness) is 1.283 nm, which is close to the published value for Sr2IrO4 single crystals (c = 
1.290 nm) [42]. 
The results of measurements of the dependence of the conductivity of SIO films on 
temperature indicate the activation character of conductivity, the characteristic of an insulator 
(see Supplemental Material). The superconducting Nb film was deposited by magnetron 
sputtering in an argon atmosphere at room temperature just before the process of mesa 
fabrication. The temperature dependences of the resistance of the heterostructures were 
measured before the deposition of Nb, and afterward once again with a current flowing in-plane, 
in parallel to the substrate. After deposition of the Nb film, the ion etching through a photomask 
was used in order to form the geometry of the bottom electrode. At this step of the mesa 
fabrication, a decrease of the YBCO superconducting transition temperature from 90 K to 80-85 
K was registered, which could be associated with oxygen depletion. 
Nb/Au/SIO/YBCO mesa-heterostructures (MS) with sizes from A=10x10 to 50x50 µm2 (total 
5 MS on one chip) were formed using optical lithography, reactive ion-plasma and ion-beam 
etching at a low ion accelerating voltages. The SiO2 protective insulator layer was deposited by 
RF sputtering and makes the dc current to flow in the perpendicular direction to the MS layers. 
An additional Nb film with a thickness of 200 nm was sputtered providing superconducting 
current transport through the dc wiring. Contact pads were made of gold for 4-point I-V curve 
measurements: two ones over the YBCO electrode and two others over the Nb electrode (see 
Fig. 2).  
 
  
Fig.2. The schematic 3D view (on the left) and the top-view (on the right) of the mesa-heterostructure 
Nb/Au/SIO/YBCO. The insulating SiO2 layer is used for the separation the top and bottom electrodes and realization 
electrical transport along the c-axis.  
 
Fig. 3a shows the temperature dependence of the MS resistance R(T) for the MS with in-plane 
size 40x40 µm2 and SIO thickness d=7nm. Although the temperature dependences of the SIO 
film had an activated character of the resistivity (see Supplemental Material) at relatively high 
temperatures, above the superconducting transition temperature, the resistances of Nb and 
YBCO electrodes gave the main contribution to R at T>TC. After finish Nb wiring pattering the 
transition temperature of the YBCO electrode in the MS has reduced again to TC ≈ 61 K (Fig.3a), 
which could be explained by the influence of ion-beam etching. Some reduction of TC=8.4 K for 
Nb film also took place. There are three interfaces in MS: Nb/Au, Au/SIO and SIO/YBCO. The 
Au interlayer in between of Nb and YBCO layers prevents the oxidation of Nb and considerably 
weaken the oxygen depletion of the SIO/YBCO bilayer. Our investigation of the Nb/YBCO 
interface (without Au layer between superconductors) reveals much higher values of R⋅A =0.1–1 
Ω×cm2 (A is the in-plane area of MS), and no superconducting current has been observed in 
Nb/YBCO structures [43]. 
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Fig.3. a) Temperature dependence of the resistance of MS Nb/Au/SIO/YBCO with size 40x40 µm2 and SIO film 
thickness d=7nm b) I-V curve and the dependence of differential resistance dV/dI versus I, allowing to estimate the 
value of critical current IC at T=4.2K, c) I-V curve and dV/dI versus V, which shows singularities caused by the 
energy gap of the Nb electrode at T=4.2K, d) temperature dependences of the normalized critical current IC and gap 
voltage V∆, where V∆(4.3 K) = 0.8 mV. A solid line is the ordinary BCS dependence of the energy gap versus 
temperature. 
The normal resistance of the Nb/Au interface RNb/Au was in µΩ range and RNb/AuA~10-11Ω×cm2, 
which corresponds to the Nb/Au interface transparency ℑNb/Au≈1 [41]. The averaged value of the 
normal resistance for 4 MS on the one chip with SIO thickness d=7 nm was RNA≈ 100 µΩ×cm2 
at T=4.2 K. Note, the contribution of resistivity from SIO interlayer, estimated from 
measurements of SIO film ρ×d=7×103µΩ×cm2 (d=7 nm) should be much larger (see 
Supplemental Material). Thus, it allows us to argue that the tunneling through the SIO film in the 
MS with a low barrier transparency ℑ= 3 10-5 is the main mechanism for electrical transport.  
Figures 3b and 3c show I-V curves at T=4.2 K of the same MS, plotted in two different 
ranges of dc bias. Fig.3b shows the I-V curve and the differential resistance RD=dV/dI from 
which we evaluated the values of the critical current IC, and Fig.3c shows how we did evaluate 
the gap voltage V∆ caused by the energy gap of the Nb electrode from a singularity on the I-V 
curve. The temperature dependences of IC (T) and V∆(T) are given in Fig.3d. At temperatures 
near Nb film critical temperature TCNb the critical current IC is small and it was determined from 
dV/dI(I) functions since the influence of fluctuations resulted in “rounded” I-V curves. In this 
case, an approach described in [44] (see also Supplemental Material), which takes into account 
the external low-frequency fluctuations [45] was used. In Table 1 the dc parameters of 4 MS on 
the same chip with thickness d=7 nm are presented. Three samples with L=50, 40 and 30 µm 
show relatively good reproducibility of the ICRN product and RNA. The smaller one, L=20 µm, 
had RNA which differs not too much, but had 3 times smaller jC. The 5th sample with L=10 µm 
had much higher RNA and it was omitted.  
 
Table 1 
L (µm) IC  (µA) RN (Ω) RNA(Ω cm2) jC (A/cm2) IC RN (µV) λJ (µm) 
50 6.5 5.0 125 0.26 32 725 
40 6.0 7.1 114 0.38 43 600 
30 3.0 10.4 94 0.33 31 645 
20 0.5 20.7 83 0.12 10 1065 
 
L is the planar size of the MS, A=L2, IC is critical current, RN is normal resistance measured at V=0.8 mV, jC= IC/A is 
critical current density, the characteristic resistance of MS RNA, λJ= (ℏ/2eµ0dJjC)1/2 is Josephson penetration depth at 
T=4.2 K, external magnetic field H=0.  
 
In MS the s-wave Nb/Au superconducting electrode contacts via the SIO barrier with the YBCO 
superconductor which order parameter is usually described as a superposition of d-wave (∆d) and 
s-wave (∆s) components: ∆(θ)=∆dcos2θ+∆s, where θ is the angle between the quasiparticle 
momentum and the a-axis of the YBCO [41]. In this case, the superconducting current-phase 
relation (CPR) may differ from the sinusoidal one. Particularly, it happens for the hybrid s- and 
d-wave (S/D) superconducting junctions for the transport along the c-direction D001 [46, 47]. The 
CPR in S/D001 junction could be represented as: 
 
Is(ϕ)=Ic1sinϕ+Ic2sin2ϕ     (1) 
 
where Ic1 and Ic2 are amplitudes of the critical current for the first and the second harmonics, and 
the ratio q =Ic2/Ic1 is used as a characteristic parameter for the second harmonic in the CPR. 
Note, in presence of the second harmonic in the CPR the measured IC does not coincide with the 
Ic1, and the relationship of IC/Ic1 and q is given in [41]. If q≤0.5 the difference between Ic1 and IC  
is less than 20%. The first harmonic Ic1 originates from the minor s-wave component of the 
superconducting order parameter in YBCO (∆s). It has been shown theoretically [48] that in 
S/D001 junctions the first harmonic of CPR in the case ∆d>>∆s, ∆Nb (∆Nb is Nb superconducting 
gap) looks as follows:  
 
Iс1RN≈∆s∆Nb/(e∆D*)     (2) 
 
where ∆D*=π∆d[2ln(3.56∆d/kВTcNb)]-1. 
 
Fig. 4 shows the family of I-V curves at the fixed magnetic field H and dependence of the critical 
current on the external magnetic field for the MS with L=50 µm (see other parameters in Table 
1). The experimental IC(H) dependence and the theoretical Fraunhofer pattern 
IC(H)=I0|sin(πH)/πH|, [49] are shown in Fig.4b. The expected magnetic field which corresponds 
to the first minimum is H1 = Φ0/µ0dJL ≃ 4 Oe, where dJ=d+λNbtanh(dNb/2λNb) 
+λYBCOtanh(dYBCO/2λYBCO), d=7 nm is thickness of SIO barrier, L=50 µm is junction size and 
λYBCO=150 nm, λNb= 90 nm are London penetration depths for YBCO and Nb at 4.2 K, 
correspondingly. From Fig.4b it is seen that experimental H1 is smaller than predicted one, and 
the half-width at the half-height of the central peak is narrower about 1.5 times than calculated 
for the case of a tunnel junction [50] with the geometry and magnetic field direction as in our 
experiment. An enhanced sensitivity of the superconducting current to magnetic field has been 
observed earlier for Josephson junctions with the antiferromagnetic Ca0.5Sr0.5CuO2 interlayer 
[51] and was described by a specific orientation of a thick antiferromagnetic interlayer placed in 
between of the s-wave superconducting electrodes [52] which leads to the long-range spin-
singlet Josephson effect.  
 a) b) 
Fig.4 a) Family of I-V curves at T=4.2K and different magnetic field in range 0-1.1 Oe for MS with L=50µm and 
d=7 nm.  b) The critical current versus the magnetic field (black squares). The calculated Fraunhofer pattern (shown 
by dash dot line) IC(H)=I0|sin(πH)/πH|, where H=Φ/µ0dJ for Josephson junction with  L=50 µm and  d=7 nm. 
 
The d-wave component of the YBCO superconducting order parameter (∆d) promotes the 
unconventional superconducting CPR of the junctions (see Eq. (1)) [41] and gives the 
2ndharmoniс 
 
Iс2RN≈ℑ∆Nb/e,     (3) 
 
whereℑ is the barrier transparency.  
 
The ac Josephson effects in MS was revealed by measurements of I-V curves under 
electromagnetic radiation in mm frequency range. Since the characteristic frequency for MS 
fC=(ICRN)2e/h is in GHz-range the investigation was carried out both at fe=38 GHz and at fe=50 
GHz. Fig.5a shows an example of the voltage dependence of dV/dI of MS at fe=50 GHz, 
demonstrating the existence of integer and fractional Shapiro steps arising due to 
synchronization between Josephson self-oscillations in MS and the external microwaves at 
voltages Vn,m=(n/m)hfe/2e. Minima of dV/dI(V) point on voltage positions Vn,m of Shapiro steps. 
Fig.5b show dependences of normalized voltage 2eVn/hfe versus integer number n=m=1 of 
Shapiro step obtained at two frequencies fe=38 GHz and fe=50 GHz of microwave irradiation. 
Excellent correspondence to the Josephson voltage-frequency relation is seen. As seen from 
Fig.5a the fractional Shapiro steps exist and may indicate the presence of the second harmonic in 
CPR q≠0 [see Eq.(1)]. 
a) 
c) 
 
b) 
 
d) 
Fig.5 a) Voltage dependence of the differential resistance dV/dI for the MS with d=7 nm, L=40 µm, T=4.2 K, at 
microwave radiation 50 GHz. The arrows and numbers indicate the position of integer and fractional Shapiro steps. 
The number “0” corresponds to the critical current. The microwave power was adjusted for the demonstration of 
fractional Shapiro steps. b) Dependences of the position on voltage axis for integer Shapiro step Vn =n2eV/hfe versus 
Shapiro step integer number n for two frequencies fe=38 GHz (open circles) and fe=50 GHz (crosses). c) The 
normalized amplitude of Shapiro steps i1=I1(a)/IC(0) versus normalized microwave current. a=IMW/IC(0). Open and 
filled symbols belong to positive and negative dc voltage biasing, correspondingly. Theoretical curves were 
calculated taking a=IMW/IC as a fitting parameter for a ratio q= Ic2/Ic1=0, 0.3, 0.5, 1 and McCumber parameter βC=1. 
d) Normalized amplitudes of half-integer Shapiro steps i1/2=I1/2(a)/IC(0). Theoretical curves were calculated for q= 
0.2, 0.3, 0.5, 1 and βC=1. 
 
The information on the CPR in MS could be obtained from the dynamics of Shapiro steps 
varying the power of microwave irradiation in conditions of high frequency limit fe>fC [51]. 
Dependences of the first i1=I1/IC (n=m=1), and the fractional (half-integer) i1/2=I1/2/IC  (n=1, m=2) 
Shapiro steps on the normalized microwave current a=IMW/IC(0) at fe=50 GHz are shown in 
Fig.5c and Fig.5d, correspondingly. Calculated dependences of i1(a) and i1/2(a) for different 
values of q and fixed McCumber parameter βC=fC/fRC=1 (fRC=1/πRNC) using the modified RSJ 
model [51, 53] are also presented in Fig.5c and Fig.5d. However, dependence i1=I1(a)/IC(0) in 
Fig.5c hardly helps to estimate q-factor, at the same time as seen from Fig.5d the maximum of 
half-integer Shapiro step has max(i1/2 )≈0.3 and fits well enough to the case q=0.3.  
Estimated contribution of the second harmonic caused from the d-wave symmetry for the case of 
S/D001 junction with the same electrical parameters as the discussed MS with L=40 µm gives 
Iс2≈3.4 nA for ℑ =3⋅10-5, ∆Nb/e=0.8 mV and RN =7.1 Ω at T=4.2 K (see Eq. (3)). Using the 
theoretical dependence for ratio Ic1/IC versus q [41] and the estimated “d-wave” contribution of 
Iс2, it gives negligibly small q ≈ 6 10-4. The existence of Josephson tunneling current through the 
relatively thick insulating barrier d=7 nm with low transparency could not be explained by 
ordinary Josephson effect as in S-I-S tunnel junctions. At the same time, the deviation of the 
CPR from the sinusoidal type may originate from an appearance at the interface SIO/YBCO 
energy bands related to the coherent Andreev reflections giving rise of superconducting current 
through antiferromagnetic insulator with SOI [39, 40, 54]. The theoretical simulation [40] shows 
that the interface of cuprate superconductor with an Ir oxide layer of Sr2IrO4 could exhibit both 
helical Majorana fermions and zero-energy flat edge states. Indeed, the MS demonstrated the 
zero-bias conductivity peak (ZBCP) at both T=4.2 K and higher temperatures T>TCNb which 
could be associated with Andreev bound states at the interface (see Supplemental Material). 
However, the origin of the ZBCP in the MS requires additional studies. 
In conclusion, Nb/Au/Sr2IrO4/YBa2Cu3Ox mesa-heterostructures have been fabricated with 
epitaxial bilayer consisting of films Sr2IrO4 and YBa2Cu3Ox and superconducting current has 
been observed. The critical current of the mesa-heterostructure increased with decreasing 
temperature is proportional to the voltage of the gap singularity of Nb film. The IC(H) 
dependence showed a sharp central peak and minor oscillating behavior deviated from usual for 
ordinary Fraunhofer pattern for Josephson junctions. Under the influence of electromagnetic 
radiation of the millimeter-frequency range, the Shapiro steps were observed at voltages both at 
multiple and fractional quantities (n/m)hfe/2e, indicating the deviation of the current-phase 
relation from the sinusoidal type and the presence of the second harmonic.   
 
The authors are gratefully acknowledge I.V. Borisenko, L.V. Filippenko, and D. Winkler for the 
help and useful discussions, GAO and AVS would like to acknowledge COST Action MP1308 – 
TO-BE for Short-Term Scientific Mission (STSM) program. 
 
References 
1. Matthias Eschrig, Rep. Prog.Phys. 78, 104501 (2015). 
2. Jacob Linder and Jason W.A. Robinson, Nature Physics 11, 307 (2015). 
3. Mats Horsdal, Giniyat Khaliullin,Timo Hyart, and Bernd Rosenow, Phys. Rev. B93, 
220502(R) (2016). 
4. F. S. Bergeret and I. V. Tokatly,  Phys. Rev. B 89, 134517 (2014). 
5. Sol H. Jacobsen and Jacob Linder, Phys. Rev. B 92, 024501 (2015). 
6. F. Konschelle, Ilya V. Tokatly, and F. Sebasti´an Bergeret, Eur. Phys. J. B 87, 119 (2014). 
7. I. V. Bobkova and A. M. Bobkov,  Phys. Rev. B 95, 184518 (2017). 
8. O. Entin-Wohlman, R. I. Shekhter, M. Jonson, and A. Aharony, Low Temperature Physics 
44, 543 (2018).  
9. Shinichi Hikino, J. Phys. Soc. Jpn. 87, 074707 (2018). 
10. Mats Horsdal,  and Timo Hyart, Sci. Post Phys. 3, 041 (2017). 
11. F. Domínguez, O. Kashuba, E. Bocquillon, J. Wiedenmann, R. S. Deacon, T. M. Klapwijk, 
G. Platero, L. W. Molenkamp, B. Trauzettel, and E. M. Hankiewicz,  Phys. Rev. B 95, 
195430 (2017). 
12. Elijah E. Gordon, Hongjun Xiang, Jürgen Köhler, and Myung-Hwan Whangbo, The 
Journal of Chemical Physics 144, 114706 (2016). 
13. J. Wiedenmann, E. Bocquillon, R. S. Deacon, S. Hartinger, O. Herrmann, T. M. Klapwijk, 
L. Maier, C. Ames, C. Brune, C. Gould, A. Oiwa, K. Ishibashi, S. Tarucha, H. Buhmann& 
L.W. Molenkamp, Nature Communications 7, 10303 (2016). 
14. Kevin Le Calvez, Louis Veyrat, Frederic Gay, Philippe Plaindoux, Clemens B. 
Winkelmann, Herve Courtois, and Benjamin Sacep, arXiv:1803.07674v2 (2018). 
15. C. Rayan, Phys. Rev. B 87, 085121 (2013). 
16. . Jordi Picó-Cortés,.Fernando Domínguez, and Gloria Platero, Phys. Rev. B 96, 125438 
(2017). 
17. Tomohiro Yokoyama, Mikio Eto, Yuli V. Nazarov, Phys. Rev. B 89, 195407 (2014). 
18. R. I. Shekhter, O. Entin-Wohlman, M. Jonson, and A. Aharony, Phys. Rev. B 96, 
241412(R) (2017). 
19. M. M. Mahmoodian, A. V. Chaplik, JETP Letters 107, 564 (2018). 
20. Asbjørn Rasmussen, Jeroen Danon, Henri Suominen, Fabrizio Nichele, Morten Kjaergaard, 
and Karsten Flensberg, Phys. Rev. B 93, 155406 (2016). 
21. Christopher R. Reeg and Dmitrii L. Maslov, Phys. Rev. B 92, 134512 (2015). 
22. Nathan Satchell and Norman O. Birge, Phys. Rev. B 97, 214509 (2018). 
23. Rikizo Yano, Masao Koyanagi, Hiromi Kashiwaya, KoheiTsumura, Hishiro Hirose, 
Yasuhiro Asano, Takao Sasagawa, and Satoshi Kashiwaya, arXiv:1805.10435v1. 
24. J. Suominen, J. Danon, M. Kjaergaard, K. Flensberg, J. Shaban, C. J. Palmstrøm, Nichele, 
and C. M. Marcus, Phys. Rev. B95, 035307 (2017). 
25. Christopher J. Pedder, Tobias Meng, Rakesh P. Tiwari, and Thomas L. Schmidt, Phys. 
Rev. B 96, 165429 (2017).  
26. Yu-Hang Li, Juntao Song, Jie Liu, Hua Jiang, Qing-Feng Sun, and X. C. Xie, Phys. Rev. 
B97, 045423 (2018).  
27. Dihao Sun and Jie Liu, Phys. Rev. B 97, 035311 (2018). 
28. S. Hart, H. Ren, M. Kosowsky, G. Ben-Shach, P. Leubner, C. Brune, H. Buhmann, L. W. 
Molenkamp, B. I. Halperin, and A.Yacoby, Nat. Phys. 13, 87 (2017). 
29. S.J. Moon, H. Jin, K.W. Kim, W.S. Choi, Y.S. Lee, J. Yu, G. Cao, A. Sumi, H. Funakubo, 
C. Bernhard, T.W. Noh,  Phys. Rev. Lett. 101, 226402 (2008). 
30. W. Witczak-Krempa, G. Chen, Y. B. Kim, and L. Balents, Annu. Rev.Condens. Matter. 
Phys. 5, 57 (2014). 
31. R. Schaffer, E. Lee, B. Yang, and Y. Kim, Rep. Prog. Phys. 79, 094504 (2016). 
32. A. Shitade, H. Katsura, J. Kuneš, X.-L. Qi, S.-C. Zhang, N. Nagaosa,  Phys. Rev.Lett., 102, 
256403 (2009). 
33. B. J. Kim, H. Ohsumi, T. Komesu, S. Sakai, T. Morita, H. Takagi, and T. Arima, Science 
323, 1329 (2009). 
34. M. Longo, J.A. Kafalas, and R.J. Arnott, J. Sol. State Chem. 3, 174 (1971). 
35. Yu-Hang Li, Juntao Song, Jie Liu, Hua Jiang, Qing-Feng Sun, and X. C. Xie, Phys. Rev. B 
97, 045423 (2018). 
36. G. A. Ovsyannikov, A. S. Grishin, K. Y. Constantinian, A. V. Shadrin, A. M. Petrzhik, Yu. 
V. Kislinskii, G. Cristiani, and G. Logvenov, Physics of the Solid State 60, 2166 (2018). 
37. A.M. Petrzhik, G. Christiani, G. Logvenov, A. E. Pestun, N. V. Andreev, Yu. V. Kislinskii, 
and G. A. Ovsyannikov, Technical Physics Letters 43, 554 (2017). 
38. Hu Wang, Shun-Li Yu, and Jian-Xin Li, Phys. Rev. B 91, 165138 (2015). 
39.  So Takei, Benjamin M. Fregoso, Victor Galitski, and S. Das Sarma, Phys. Rev. B 87, 
014504 (2013). 
40. Yige Chen, and Hae-Young Kee, Phys. Rev. B97, 085155 (2018). 
41. P. Komissinskiy, G. A. Ovsyannikov, K. Y. Constantinian, Y. V. Kislinski, I. V. 
Borisenko, I. I. Soloviev, V. K. Kornev, E. Goldobin, and D. Winkler, Phys. Rev. B78, 
024501 (2008). 
42. Chengliang Lu, A. Quindeau, H. Deniz, Daniele Preziosi , Dietrich Hesse and Marin Alexe, 
Appl Phys. Lett. 105, 082407 (2014). 
43. F.V. Komissinskii, G. A. Ovsyannikov, and Z.G. Ivanov, Physics of the Solid State 43, 801 
(2001). 
44. Konstantin K. Likharev, Dynamics of Josephson Junctions and Circuits (OPA Ltd for 
Gordon and Breach Publishes N.Y., 1986). 
45. H. Kanter and F. L. Vernon, Phys. Rev B2, 4694 (1970). 
46. A. Blais and A. M. Zagoskin, Phys Rev. A61, 042308 (2000).  
47. Y. Tanaka and S. Kashiwaya, Phys. Rev. B53, R11957 (1996). 
48. P. V. Komissinski, E. Il’ichev, G. A. Ovsyannikov, S. A. Kovtonyuk, M. Grajcar, R. 
Hlubina, Z. Ivanov, Y. Tanaka, N. Yoshida, and S. Kashiwaya, Europhys. Lett. 57, 585 
(2002). 
49. Barone Antonio; Paternò Gianfranco, Physics and applications of the Josephson effect 
(New York, NY : Wiley, -529 p.1982).  
50. R. Monaco, M. Aaroe, J. Mygind, and V. P. Koshelets, Journal of Applied Physics 104, 
023906 (2008). 
51. Yu. V. Kislinskii, P. V. Komissinski, K. Y. Constantiniana, G. A. Ovsyannikov, T. Yu. 
Karminskaya, I. I. Soloviev, and V. K. Kornev, Journal of Experimental and Theoretical 
Physics 101, 494 (2005). 
52. L. Gorkov, V. Kresin, Appl. Phys. Lett. 78, 3657 (2001). 
53. V.K. Kornev, T.Y. Karminskaya, Y.V. Kislinski, P.V. Komissinki, K.Y. Constantinian, 
G.A. Ovsyannikov, Physica C 435, 27 (2006). 
54. Ching-Kai Chiu, S. Das Sarma, arXiv:1806.02224v1 (2018). 
 
Supplemental Material for  
“Observation of superconducting current in a mesa-heterostructure with an interlayer of the 
strontium iridate film with strong spin-orbit interaction”  
 
A.M. Petrzhik1, K.Y. Constantinin1, G.A. Ovsyannikov1, A.S. Grishin1, A.V. Shadrin1,2, Yu.V. 
Kislinski1, G. Christiani3, G.Logvenov3 
1Kotel’nikov IRE RAS, Mokhovaya 11-7 Moscow, Russia. 
2 Moscow Institute of Physics and Technology, Dolgoprudny, Moscow Region, 141701, 
Russia.  
3Max Planck Institute for Solid State Research, Stuttgart, 70569, Germany. 
 
The resistivity of Sr2IrO4 film  
 
We studied resistivity of Sr2IrO4 (SIO) film deposited on the following substrates: (100)SrTiO3 
(STO), (110)NdGaO3 (NGO), (100)La0.3Sr0.7Al0.65Ta0.35O3 (LSAT), and (100)LaAlO3 (LAO), 
keeping the same SIO thickness d=34 nm. Temperature dependences of resistivity were 
measured using the Keithley 6517B electrometer and the Neocera LTC temperature controller. 
Fig.1S shows temperature dependences of resistivity ρ(T) and ρ(1000/T) for SIO films on LSAT, 
STO, and LAO substrates. A “linear” part of ρ~1/T is associated with activation Arrhenius type 
of resistivity ρ=ρ0exp(∆Εg/2kBT), where dielectric gap ∆Εg =200–230 meV [1S], kB is the 
Boltzmann’s constant. The values of room-temperature resistivity ρ0  of as-grown films were by 
several orders greater than the values reported in [2S] which could be related to the difference in 
the regimes of SIO film deposition. As seen from this figure, the activation mechanism 
characterized well the ρ(T) dependence at intermediate temperatures. Further decreasing the 
temperature (above the dotted line in Fig.1S) the resistivity exhibited significant rise and the total 
resistance of the film became R >50 GΩ (the upper limit of our measurements). Thus, at T<100K 
(roughly) an additional mechanism is switched on which could be described by a simple 3D 
variable-range hopping (VRH). Temperatures where this mechanism becomes a dominant 
correspond to a linear dependence of ρ vs. T–1/4. The hopping range was estimated as b = 
a(T0/T)1/4, where a is the localization radius, and amounted b =13–17 nm which did not exceed 
the thicknesses of SIO interlayer in the MS.  
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Fig.1S. Temperature dependence of resistivity for Sr2IrO4 films deposited on LAO, LSAT and STO substrates; left 
panel shows ρ(T) in semi-log scale, right panel shows ρ(1000/T). Activation ρ=ρ0exp(∆Εg/2kBT) dependences are 
shown by the dotted lines.  
 
Critical current and Shapiro steps determination  
In order to determine the values of critical current IC  of MS under influence of  the fluctuations, 
we analyzed the dependences of differential resistances dV/dI versus biasing current I. Fig. 2S 
shows an example of a family of dV/dI(I) at  magnetic fields H=0.44, 0.55, and 0.82 Oe. 
Influence of fluctuations results in “rounded” I-V curves without sharp voltage drop. In this case 
the parameter of a low frequency noise, If, was introduces [3S - 5S] for a Josephson junction 
biased by the current source and fluctuations at frequencies below fC=(2e/h)ICRN. If IC > If then 
critical current IC is easy to determine from the interval between sharp maxima of dV/dI on the 
current I-axis. In the case IC<If as shown in Fig.2S the dV/dI peaks are rounded and the approach 
[3S- 5S] was used which takes into account the low frequency noise current, If. From a 
comparison of the experimental and theoretical dependences of dV/dI vs. I the effective If was 
determined for a family of I-V curves measured at the same conditions (at the same level of If) 
[3S-4S]. Fig.3S shows theoretical functions r vs. 2IC/If ratio for: r=1+RDmax/RDmin, r=RDmax/RN 
and r=RDmin/RN, where RN is the normal state resistance of Josephson junction, RDmin= dV/dI at 
I=0, RDmax is determined as local maximum of dV/dI(I) (e.g., see Fig.2S). In the case when RN 
could not be determined with the required accuracy (say, RN is varied under microwave 
irradiation or magnetic field) function for r=1-RDmax/RDmin, excluding RN, was used. An example, 
where RN is hard to determine as an asymmetry in conductance G(V) exists is shown in Fig.4S 
which shows also the zero bias conductance anomaly. Note, the I-V curve in the vicinity of the 
Shapiro step has the same hyperbolic shape as in the stationary case [4S, 5S]. So, this approach 
is also applicable to determine the Shapiro step amplitudes In/m. 
 
-0,008 -0,004 0,000 0,004 0,008
4
6
8
10
12
 
 
H=0.82 Oe
H=0.55 Oe
dV
/d
I (
Ω 
 )
I (mA)
H=0.44 Oe
 
Fig.2S. A family of dV/dI vs. I for magnetic field levels H=0.44, 0.55, and 0.82 Oe for MS with d=7nm and sizes 
50x50 µm2  
 
 
Fig.3S. Theoretical functions for r vs. 2IC/If: from top to bottom r=1+RDmax/RDmin, RDmax/RN,  RDmin/RN.  
 
 
 
Zero bias conductance anomaly. 
The zero bias conductance anomaly is seen on the voltage dependence of conductivity G(V) at 
the both temperatures, T=4.2 K when MS is superconducting, and at T=15.3 K when only YBCO 
electrode is in superconducting state (Fig.4S). Asymmetry of G(V) seen also at relatively low 
voltages V<10 mV which hardly could be explained by an impact of a Schottky barrier. This may 
be caused by an asymmetry of a spin-polarized charge transport through the SIO barrier, but 
requires additional studies.  
 
Fig.4S. Voltage dependence of conductance G(V) for MS with d=7 nm, 40x40 µm2 at T=4.2 K and  T=15.3 K. 
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